2؉ entry into myometrial smooth-muscle cells is important to uterine contraction and hence to labor progression and parturition. Proteins of the transient receptor potential (Trp) channel family are putative capacitative Ca 2؉ entry channels that respond to contractant-generated signals and intracellular Ca 2؉ store depletion. Quantitative reverse transcription-polymerase chain reaction was used to examine the relative expression of TrpC mRNAs in rat myometrium and determine their expression pattern during pregnancy and labor. rTrpC1, rTrpC2, rTrpC4, rTrpC5, rTrpC6, and rTrpC7 mRNAs, but not rTrpC3 mRNA, were expressed in nonpregnant rat myometrium. With the exception of rTrpC7, the resulting products were sequenced and found to be identical with published sequences; new rTrpC7 sequence exhibited Ͼ88% homology to mouse and human TrpC7 coding regions. Relative to ␤-actin mRNA, rTrpC4 mRNA was expressed in the greatest abundance. rTrpC1, 5, and 6 mRNAs were expressed at lower levels, whereas rTrpC2 and 7 mRNAs were barely detectable. This relative expression pattern was also observed throughout the course of gestation. There were no major differences in expression of rTrpC1, 2, 4, or 7 mRNAs between Day 13 and Day 21 of gestation or labor. Rat TrpC5 and TrpC6 mRNA expression decreased in pregnancy but was not altered between Day 13 and Day 21 or in labor. Western blot analysis generally confirmed these observations with respect to protein expression. These data suggest that rTrpC4 may play a major role in regulated Ca 2؉ entry in myometrial cells and throughout pregnancy but do not rule out contributions from other Trp proteins.
INTRODUCTION
The regulation of myometrial contraction is of paramount importance for the maintenance of pregnancy and for parturition [1] . External Ca 2ϩ entry is vitally important to uterine contraction [2] . An increase in intracellular Ca 2ϩ concentration is a major trigger for smooth-muscle contraction [3, 4] . At the same time, activation of smoothmuscle contraction by hormones usually involves a combination of Ca 2ϩ entry and Ca 2ϩ release from intracellular 1 Supported by NIH HD38970. stores [5] . Many contractant receptors use seven-transmembrane domain GTP-binding protein coupled receptors that transmit signals into the cell via interaction with heterotrimeric G-proteins [1] . Stimulation of these proteins results in activation of phospholipase C and the production of diacylglycerol and inositol 1,4,5-trisphosphate (IP 3 ) [6] . IP 3 interacts with receptors on the endoplasmic reticulum and releases calcium from these intracellular stores. The release of calcium from intracellular stores is critically important for sustained contractile activity and is an important component of the action of uterine contractants [1, 7, 8] .
Ca 2ϩ gating is performed by three classes of ion channels: 1) voltage-gated Ca 2ϩ channels, 2) ligand-gated Ca 2ϩ channels, and 3) voltage-independent Ca 2ϩ -permeable channels stimulated by activation of phospholipase C and formation of IP 3 or by intracellular Ca 2ϩ release [9] . The suggestion has been made that the voltage-independent calcium channels are formed by proteins of the transient receptor potential channel family [10, 11] . This large family of proteins is divided into three subfamilies: TRPC, TRPV, and TRPM [10, 11] . The TRPC subfamily contains seven major members, termed TrpC1-7. Based on amino acid sequence similarity, the mammalian members of the TrpC subfamily were divided further into four groups [12] [13] [14] . All Trp subfamilies may contribute to the regulation of Ca 2ϩ entry [15] . A number of TrpC mRNAs or proteins are expressed in smooth-muscle tissues [10] .
Myometrium from pregnant women and human myometrial cell lines expressed mRNAs for TrpC1, TrpC3, TrpC4, TrpC6, and TrpC7 [16, 17] . Western blotting analysis verified expression of hTrpC1, 3, 4, and 6 proteins [16, 17] . A number of lines of evidence point to the importance of capacitative calcium entry in myometrium [1] . We found that human myometrium exhibits capacitative Ca 2ϩ entry in response to oxytocin and the endoplasmic reticulum calcium pump inhibitor thapsigargin [16, 18] . We also showed that overexpression of hTrpC3 in PHM1 myometrial cells enhanced thapsigargin, oxytocin, and 1-oleoyl-2-acetyl-snglycerol (OAG)-induced Ca 2ϩ entry [19] . The properties of Ca 2ϩ entry mediated by Trp proteins are thought to vary as a result of their relative expression and configuration in heterotetrameric channel complexes [20, 21] . The aims of this study were to determine the relative expression of TrpC mRNAs in rat nonpregnant myometrium and the rTrpC expression pattern during pregnancy and labor. on a 12L:12D cycle. The day when the vaginal plug was observed was dated Day 0. Experiments were conducted in accordance with institutional practices in an AAALAC-accredited facility. Nonpregnant and pregnant rats on Days 13, 16, 19 , and 21 of gestation and in labor (after the first pup was delivered) were killed. The uterus was excised and opened; pups and placenta were discarded. Endometrium was removed by scraping with a scalpel blade.
MATERIALS AND METHODS

Animals
Total and Messenger RNA Isolation
Total RNA was prepared from rat myometrium using the TRI Reagent (Molecular Research Center, Inc., Cincinnati, OH). Messenger RNA was prepared from total RNA using the FastTrack 2.0 Kit mRNA isolation system (Invitrogen, Carlsbad, CA). Three to four rats per group were used for isolation of RNA.
Polymerase Chain Reaction (PCR) Primers
PCR primers for ␤-actin and rTrpC1-6 were designed based on published rat sequences in GenBank (Table 1) . Because there was no sequence in the databank for rat TrpC7, we used the PCR primers used for rTrpC7 by Jung et al. [22] to generate a clone from which to derive sequence information. The 841-base pair (bp) rTrpC7 cDNA fragment was cloned into the pCR2.1/TOPO vector (Invitrogen) and sequenced. Using this sequence, we designed a new reverse TrpC7 primer to obtain a smaller rTrpC7 cDNA fragment suitable for use in quantitative reverse transcriptase polymerase chain reaction (RT-PCR).
Reverse Transcription (RT)-PCR
First-strand cDNA was prepared from 300 ng mRNA using AMV reverse transcriptase (Promega, Madison, WI) and 100 ng oligo-dT. The mRNA samples were denaturated at 65ЊC for 5 min. RT was performed at 42ЊC for 1.5 h and was stopped by heating samples at 95ЊC for 5 min. The cDNA was amplified by PCR using the TrpC isoform-specific primers listed in Table 1 . The general PCR conditions were 10 mM Tris-HCl, pH 8.3; 50 mM KCl; 2.1-2.5 mM MgCl 2 ; 0.2 mM dNTP; 0.5 M forward and reverse primers; and 2.5 U Jump Start Taq DNA polymerase (Sigma, St. Louis, MO) in a total volume of 50 l. The cDNA samples were initially denaturated at 94ЊC for 1 min followed by 25-40 cycles of denaturation at 94ЊC for 30 sec, annealing (56ЊC for actin and 60ЊC for all TrpCs) for 30 sec, and extension at 72ЊC for 1.5 min, with a 10-min final extension. Two negative control reactions (no AMV reverse transcriptase to test for genomic DNA contamination; no template to test for general contamination) were included. The amplified products were separated by electrophoresis on 1.5% agarose gels, and DNA bands were visualized by SYBR Green staining. The PCR products were all of the expected size and were cloned into pCR2.1/TOPO using the TOPO-TA cloning kit (Invitrogen); identity was confirmed by direct sequencing.
Quantitative Real-Time RT-PCR
One-step RT-PCR was performed using the SmartCycler instrument (Cepheid) and QuantiTect SYBR Green RT-PCR Kit (Qiagen, Valencia, CA). RT-PCR was performed using the kit protocol in a 25-l reaction volume containing 1ϫ QuantiTect SYBR Green RT-PCR Master Mix, 2.5 mM MgCl 2 , 1 M primers (Table 1) , QuantiTect RT Mix, and 300 ng template mRNA or 0.1-100 pg standard cDNA. For standard curves, the same protocol was used but without step 1 (reverse transcription). For all experiments, the threshold line was set at fluorescence level 30. The integrity of the RT-PCR products was confirmed by melting curve analysis. Melting curves for rTrpC1, rTrpC4, rTrpC5, rTrpC6, and rTrpC7 and ␤-actin cDNA showed one specific signal. Only the melting curve of TrpC2 cDNA showed two peaks, perhaps because of the very low expression of this mRNA in rat myometrium and possible contribution from primer dimers. Therefore, TrpC2 quantitation represents only an approximate estimate. The amount of PCR products calculated in reference to the individual calibration curves were then normalized to that of ␤-actin, determined in the same mRNA sample.
Western Blotting
Rat myometrial plasma membrane fractions were isolated according to Ku et al. [23] . A crude membrane fraction was isolated from rat brain using the same method but without sucrose-density gradient centrifugation. Pellets were suspended in sample buffer (10 mM Tris-HCl, pH 7.4; 250 mM sucrose; 1 mM EGTA; 1 g/ml each leupeptin, pepstatin A, and aprotinin) and stored at Ϫ80ЊC. Twenty micrograms of rat myometrial plasma membranes and 30 g of crude brain membranes were subjected to 7.5% SDS-PAGE [24] and the resolved proteins were electrotransfered to nitrocellulose membranes (BA85; Protran, Schleicher and Schuell BioScience, Keene, NH). The membranes were blocked for 1 h at room temperature with 5% milk/PBS, briefly washed with two changes of wash buffer (PBS/0.1% Tween20), and incubated in diluted primary antibody in 5% milk/PBS overnight at 4ЊC. Primary polyclonal antibodies used were anti-TrpC1, anti-TrpC4, anti-TrpC5, and anti-TrpC6 (1:200; Alomone Labs, Jerusalem, Israel) and anti-G␣ q/ll (1:500, Santa Cruz Biotechnology, Santa Cruz, CA). Membranes were washed with five changes of wash buffer, incubated for 1 h at room temperature with anti-rabbit IgG-horseradish peroxidase antibody (1:5000) (Bio-Rad, Hercules, CA), and detected using ECLϩplus (Amersham Biosciences, Little Chalfont, UK). 2. A) The standard curve for TrpC4 cDNA. TGE rTrpC4 was amplified from rat myometrial mRNA and cloned into pCR2.1/TOPO vector; cDNA was cut from the plasmid and used for constructing the standard curve. B) ␤-Actin mRNA expression in rat myometrium from nonpregnant, Day 13, and Day 21 pregnant and in-labor rats (n ϭ 3-4). Groups with the same lowercase letters are not significantly different.
Statistical Analysis
Data are expressed as mean Ϯ SEM. The mRNA from three to four rats in each group were analyzed by analysis of variance and Duncan new multiple range.
RESULTS
RT-PCR and Western Blotting
Qualitative RT-PCR was used to determine that rTrpC1, rTrpC2, rTrpC4, rTrpC5, rTrpC6, and rTrpC7 mRNAs were expressed in rat myometrium (Fig. 1A) . The products were of the predicted size. All products were cloned and sequenced. The rTrpC1, 2, 4, 5, and 6 products exhibited 99-100% identity to the corresponding sequences in GenBank ( Table 1 ). The sequence for rTrpC7 (841 bp) has been entered into GenBank (AY390391) and is located on rat chromosome 17. This sequence exhibited 90% homology with mouse TrpC7 (NM 012035). The coding region (469 bp) exhibited 88% homology with human TrpC7 (NM 020389). PCR failed to amplify rTrpC3 mRNA in rat myometrium, but rTrpC3 fragment was amplified from rat brain mRNA using the same primer set (data not shown).
Western blot analysis demonstrated the expression of rTrpC1 (ϳ120 kDa), rTrpC4 (ϳ95 kDa), rTrpC5 (ϳ95 kDa), and rTrpC6 (ϳ110 and 130 kDa) proteins in myometrium from nonpregnant and Day 13 and Day 21 pregnant rats (Fig. 1, B-E) . Crude brain membrane protein was used as a positive control and G␣ q/11 as loading control in these studies. Purified rat myometrial membranes (20 g) expressed relatively the same amount of rTrpC4 as 30 g of crude rat brain membrane protein, slightly more rTrpC1, and significantly less rTrpC5 and rTrpC6.
Quantitative RT-PCR
Quantitative real-time RT-PCR (QRT-PCR) was used to determine the relative expression of all detected myometrial rTrpC mRNAs. This method relies on an inverse linear relationship between the cycle number at which the amplification product is first detected above the threshold and the logarithm of the amount of cDNA. Standard curves for all rTrpCs and ␤-actin were constructed using cDNA samples of known concentration and sequence. Each specific PCR product was inserted into the TOPO-TA vector, cut from plasmid, and used as the standard cDNA. The calibration curves were linear over at least a three-log range of cDNAs concentration (0.1-100 pg). One of these standard curves, for TrpC4 cDNA, is presented on Figure 2A . The amounts of PCR products calculated in reference to the individual calibration curves were then normalized to that of ␤-actin, determined in the same mRNA sample. It has been shown that ␤-actin is constitutively expressed in myometrium from nonpregnant animals and throughout gestation and may be used as internal control [25] [26] [27] . This fact was confirmed in the present experiments; expression of ␤-actin mRNA was the same in myometrium from Day 13 pregnant rats relative to nonpregnant animals, and there were no significant changes between Day 13 and Day 21 of gestation (Fig. 2B) .
QRT-PCR confirmed the expression of rTrpC1, rTrpC2, rTrpC4, rTrpC5, rTrpC6, and rTrpC7 in rat myometrium. In myometrium from nonpregnant rats, rTrpC4 mRNA was expressed in the greatest relative abundance (Fig. 3) . Rat TrpC2 mRNA was expressed at the lowest level relative to other members of this subfamily. Relative expression of rTrpC7 mRNA was significantly higher than that of rTrpC2 mRNA (P Ͻ 0.05) but it was also barely detectable. The levels of rTrpC1 and rTrpC5 mRNA relative expression were essentially similar, while rTrpC6 mRNA expression was higher than that of rTrp1 (P Ͻ 0.05) and rTrpC5 (P Ͻ 0.01) but less than that of rTrpC4 (P Ͻ 0.01) (Fig. 3) .
TrpC mRNAs in Pregnant Rat Myometrium
Rat TrpC1, rTrpC2, rTrpC4, rTrpC5, rTrpC6, and rTrpC7 were also expressed in pregnant myometrium between Day 13 and Day 21, and rTrpC4 was again the form expressed in the greatest relative abundance (Fig. 4) . Expression of rTrpC1 and rTrpC4 were the same in myometrium from nonpregnant and Day 13 pregnant rats, and no statistically significant changes were seen in their expression between Day 13 and Day 21 of pregnancy or in labor (Fig. 4, A and  B) . The rTrpC5 and rTrpC6 mRNAs were higher in myometrium from nonpregnant rats than in pregnancy (P Ͻ 0.01) but no changes were observed between Day 13 and Day 21 of gestation or in labor (Fig. 4, C and D) . There were no pregnancy-related changes in the expression of rTrpC2 and rTrpC7 mRNA, which were barely detectable (data not shown). Figure 1 , B-E, shows that the changes in TrpC mRNAs between nonpregnant and pregnant myometrium were reflected in similar relative changes in the respective proteins.
DISCUSSION
A number of TrpC genes have been reported to be present in smooth-muscle tissues [10] . Walker and colleagues found transcripts for TrpC4, TrpC6, and TrpC7 in different murine and canine smooth-muscle cell preparations, TrpC3 was detected only in canine renal artery smooth-muscle cells [28] . TrpC1, TrpC2, TrpC4, TrpC5, and TrpC6 mRNAs were detected in rat pulmonary artery smoothmuscle cells [29] . In human airway smooth muscle, expression of TrpC1, TrpC3, TrpC4, and TrpC6 were observed [30] . We reported expression of hTrpC1, hTrpC3, hTrpC4, hTrpC6, and hTrpC7 mRNAs but not TrpC2 (a pseudogene in humans) or hTrpC5 mRNA in myometrium from pregnant women and in PHM1-41 cells, an immortalized line derived from late pregnant human myometrium [16] . Similar results were reported in another study using myometrial tissue and primary human myometrial cells isolated from term pregnant women [17] . In contrast, in this study, we have found that rTrpC1, rTrpC2, rTrpC4, rTrpC5, rTrpC6, and rTrpC7 mRNA are expressed in rat myometrium. No rTrpC3 products were observed, although this product was amplified from rat brain mRNA using the same primer set. This indicates species-related variations in TrpC isoform expression in myometrium.
The rTrpC4 mRNA was expressed in the greatest abundance relative to other TrpC mRNAs in rat myometrium and this pattern did not change over the course of gestation. There were no statistically significant changes in the expression of rTrpC1, rTrpC2, rTrpC4, and rTrpC7 mRNA in rat myometrium during pregnancy or in labor. In contrast, rTrpC5 and rTrpC6 mRNA/␤actin concentrations were decreased in myometrium from Day 13 pregnant relative to nonpregnant rats and were not altered between Day 13 and Day 21 or during labor. The factors that promote the decrease in TrpC5 and TrpC6 during pregnancy are not defined at present. It is unlikely that this is solely attributable to estradiol or progesterone because the ratios of these hormones change markedly before delivery.
Expression of rTrpC1, rTrpC4, rTrpC5, and rTrpC6 proteins in rat myometrium was confirmed using commercially available antibodies. In rat myometrial plasma membranes and crude brain membranes, rTrpC1 was 120 kDa in size, whereas in human myometrial and PHM1-41 cell membranes, hTrpC1 of 95 kDa was detected [16] . A 95-kDa band of rTrpC4 protein was detected in rat myometrial plasma membranes, whereas 100-to 110-kDa bands were reported in human myometrium [17] . The rTrpC5 protein was also detected in rat myometrium as a 95-kDa band. In rat brain membranes, prominent bands of 110 kDa and 130 kDa were detected with the anti-TrpC6 antibody. TrpC6 is highly glycosylated in various cell types [4, 13, 31] , deglycosylation of rat pulmonary vascular smooth-muscle cell lysates shifted the 130-kDa rTrpC6 band close to 110 kDa [4] . Consistent with multiple forms of this protein, weak signals were detected at 130 and 110 kDa with anti-Trp6 antibody in rat myometrial plasma membrane samples, whereas only the 130-kDa form was detected in human myometrium in one study [16] and 100 kDa in another [17] . While we cannot quantitate protein expression at present, the relative changes in protein roughly paralleled changes in the respective mRNAs.
In rat myometrium, TrpC4 mRNA was expressed in the greatest abundance relative to ␤-actin, with smaller but significant contributions from TrpC1, TrpC5, and TrpC6 mRNA. Schilling [32] has suggested that specific Trp proteins may functionally dominate receptor-mediated responses in specific tissues. In support of this concept, it was shown that bovine adrenal cortex cells expressed TrpC4 abundantly and exhibited endogenous calcium release-activated Ca 2ϩ -like currents; expression of TrpC4 antisense cDNA significantly reduced both the amount of native protein and currents [33] . TrpC3 and TrpC4 were more abundant in smooth muscle from human lower esophageal sphincter than in smooth muscle from esophageal body; this correlated with enhanced capacitative calcium entry in the former [34] . In contrast, a study in TrpC4-deficient mice has suggested that TrpC4 is the main subunit involved in store-operated channels in endothelial cells [35] . A number of studies have implicated an important role for activation of store-operated channels in smooth-muscle contraction [36] . When overexpressed under different conditions, TrpC4 and TrpC5 can function as receptor-operated or store-operated channels [37] . It remains to be determined how many of the properties of capacitative calcium entry in myometrium can be explained by the expression of rTrpC4.
TrpC6 is structurally similar to TrpC3 and TrpC7. TrpC3, TrpC6, and TrpC7, but not the others, are activated by diacylglycerol in a protein kinase C (PKC)-independent manner [38, 39] . Both human myometrial cells [19] and pregnant rat myometrial cells (Shlykov and Sanborn, unpublished observations) exhibit Ca 2ϩ entry in response to diacylglycerol. Based on the available data, it is unlikely that TrpC4 is responsible for this activity. TrpC3 mRNA is not expressed in rat myometrium and rTrpC7 mRNA is in very low abundance, suggesting that TrpC6 may account for this activity. TrpC6 is a requisite component of the ␣ 1 -adrenoceptor-activated Ca 2ϩ -permeable nonselective cation channel in rabbit portal vein smooth-muscle cells [40] . Inhibition of TrpC6 expression using antisense oligomers greatly attenuated arterial smooth-muscle depolarization and pressure-induced constriction in cerebral arteries [41] . This was attributed to a pressure-induced increase in phospholipase C activity, resulting in production of diacylglycerol, which activated TrpC6, leading to membrane depolarization, opening of voltage-dependent calcium channels, increased intracellular Ca 2ϩ , and increased tone [41] . Down-regulation of TrpC6 using antisense oligonucleotides also decreased capacitative calcium entry in pulmonary artery smooth muscle [4] and is implicated in receptor-operated calcium channels in A7r5 smooth-muscle cells [22] . Thus, TrpC6 may have an important role in the control of the smooth-muscle contractile response [30, 40, 41] .
We have found that human myometrium exhibits capacitative calcium entry in response to oxytocin, the endoplasmic reticulum calcium pump inhibitor thapsigargin, and diacylglycerol [16, 18] . The role of this entry in regulating myometrial contraction is under study in a number of laboratories. Clearly, G-protein-coupled receptor mechanisms lined to the phospholipase C pathway are enhanced near parturition and contribute to contractile activity [1, 42] . Capacitative calcium entry may contribute significantly to this activity. In addition, while TrpC3/6/7 are activated by diacylglycerol, TrpC4/5 are strongly inhibited by diacylglycerol-induced PKC activation, constituting a potential feedback control of TrpCs [43] . Diacylglycerol produced an increase in intracellular calcium in human myometrial cells expressing hTrpC3, hTrpC6, and hTrpC7 as well as hTrpC1 and hTrpC4 [19] , but diacylglycerol produced in response to oxytocin inhibited myometrial contractile activity, possibly by other mechanisms [44] . A balance between opposing mechanisms may account for the apparent differences.
In summary, multiple TrpC mRNAs and proteins are expressed in rat myometrium. There is no change during pregnancy in the rTrpC4 mRNA, the predominant TrpC present, and decreases in rTrpC5 and rTrpC6 mRNAs. TrpC proteins are thought to form homo-and heterotrimeric cation channels. Several studies indicate that, while TrpC4 can interact with TrpC1 and TrpC5, it does not interact with overexpressed TrpC6 [20, 45, 46] . While TrpC5 mRNA/actin decreases during pregnancy, it is already relatively nonabundant in the nonpregnant state. Therefore, changes in TrpC5 or TrpC6 mRNAs are unlikely to have a major effect on channel composition. Because TrpC4 mRNA is present in the greatest abundance, it may play a major role in regulated Ca 2ϩ entry in myometrial cells, but the data do not rule out contributions from other TrpC proteins as well.
